Periodic arrays of Ta nanocolumns, 200 nm wide and 600 nm tall, were grown by glancing angle sputter deposition onto self-assembled close-packed arrays of 260-nm-diameter silica spheres. Each sphere leads to the development of a single Ta column. As growth progresses, roughening of the column top surfaces causes branching of some columns into subcolumns. The measured fraction of branched columns f b decreases with increasing growth temperature, from 30% at 200°C to 4% at 700°C. This is attributed to the increased adatom mobility at elevated temperatures, leading to a larger average separation of growth mounds and, in turn, lower nucleation probabilities for subcolumns. Branching into 3 and 4 subcolumns exhibits probabilities proportional to f b 2 and f b 3 , respectively. A fit of the data with a simple nucleation model provides an effective activation energy for Ta 15,16 Substrate patterning prior to GLAD predetermines the nucleation sites for the nanostructures and provides a means to fabricate periodic nanostructure arrays. [2] [3] [4] [5] [7] [8] [9] [10] GLAD nanocolumns often exhibit random branching and contain pores within themselves, that is, there are both inter-and intracolumnar voids. 5, 6 Numerical growth simulations suggest that this branching is due to atomic shadowing effects which cause nanocolumns to exhibit a splitting. [17] [18] [19] In addition, stacking faults may further promote column branching.
zigzag columns, 6 spirals, 7, 8 slanted posts, 9 and multistack nanopillars, 10 with potential applications in photonic crystals, 8, 11 magnetic storage media, [12] [13] [14] and other microand optoelectronic devices such as field emitters and optical sensors. 15, 16 Substrate patterning prior to GLAD predetermines the nucleation sites for the nanostructures and provides a means to fabricate periodic nanostructure arrays. [2] [3] [4] [5] [7] [8] [9] [10] GLAD nanocolumns often exhibit random branching and contain pores within themselves, that is, there are both inter-and intracolumnar voids. 5, 6 Numerical growth simulations suggest that this branching is due to atomic shadowing effects which cause nanocolumns to exhibit a splitting. [17] [18] [19] In addition, stacking faults may further promote column branching. 20 Surface diffusion during GLAD is expected to counteract some of the nanostructure formation processes as it smoothes high-curvature features on the surface, and is therefore expected to reduce nanocolumn branching.
In this letter, we present a study focusing on the effect of surface diffusion on nanocolumn branching during GLAD. Periodic arrays of Ta nanocolumns are grown on patterned Si substrates using magnetron sputtering. The growth temperature is varied in order to control the surface diffusion length which, in turn, governs the nucleation kinetics of surface mounds on individual columns. The probability for column branching decreases with increasing growth temperature due to an increasing lateral length scale in the surface roughness. The data follow the trend expected from a simple nucleation model and provide an effective activation energy for Ta adatom migration of 2.0 eV.
All Ta nanocolumn arrays were grown in a load-locked ultrahigh vacuum ͑UHV͒ stainless steel dc magnetron sputter deposition system described in detail in Ref. 10 . A 7.5-cm-diameter Ta target ͑99.95% pure͒ was positioned at 10 cm from the substrate with the target surface perpendicular to the substrate surface. The azimuthal deposition angle ␣ = 84°is controlled by a collimating plate which also prevents nondirectional deposition flux from impinging onto the substrate. The Si substrates were patterned by self-assembly of 260-nm-diameter silica nanospheres from colloidal suspensions, forming close-packed monolayers on tilted hydrophilic substrate surfaces during drying in a temperature and humidity controlled environment. This procedure is modified from Ref. 21, and will be described in another report ͑Ref. 22͒. Ta depositions were done at 3 mTorr ͑0.39 Pa͒ in 99.999% pure Ar. The growth temperature T s = 200, 300, 500, and 700°C, including the contribution due to plasma heating, was measured by a thermocouple attached to the substrate holder. Sputtering was carried out at a constant power of 500 W, yielding a column growth rate of 4 nm/ min. The substrates were continuously rotated about the polar axis with 60 rpm, resulting in an overall circular symmetric deposition flux. Microstructures were investigated by plan-view and cross-sectional scanning electron microscopy ͑SEM͒ using a JEOL JSM6335 Field Emission SEM operated at 5 kV with an emission current of 12 A. Figure 1͑a͒ is a typical plan-view SEM micrograph from an array of well-separated Ta nanocolumns grown on a patterned substrate by glancing angle sputter deposition at T s = 200°C. The Ta columns exhibit a regular hexagonal array, replicating the close-packed pattern of the silica nanospheres, which indicates that each nanosphere leads to the formation of a Ta column. The average column width is 195± 43 nm, and the intercolumnar separation ͑center-to-center͒ is 262± 15 nm, close to the nominal diameter of the silica spheres of 260 nm. The nanocolumn number density, 15 m −2 , is 6% smaller than the silica nanosphere number density, 16 m −2 . This slight difference can be attributed to "missing" columns, as shown by dark areas in Fig. 1͑a͒ , caused by column extinction and vacancy defects ͑missing spheres͒ in the initial nanosphere pattern. Figures 1͑b͒-1͑d͒ are higher magnification images from selected columns, indicated by dashed squares in Fig. 1͑a͒ , showing two-, three-, and fourfold branched columns, respectively. Large-area analyses from an area of 22 mnanocolumns, show that 19% of the columns consist of 2 subcolumns, while the fraction of threefold and fourfold branched nanocolumns are 8% and 3%, respectively, giving an overall branching fraction f b = 30%.
The two columns in Fig. 1͑b͒ exhibit each two subcolumns of approximately equal size. In contrast, the column shown in Fig. 1͑c͒ consists of one large and two smaller subcolumns, while the subcolumns in Fig. 1͑d͒ , from a fourfold branched column, also exhibit an unequal size distribution. We expect that continued growth of columns consisting of unequally sized subcolumns will cause the smaller subcolumns to die out during a competitive growth mode. That is, the presented plan-view micrograph is particular to the specific nanocolumn height of 600 nm-continued growth will cause some single columns to develop branching, while branched columns may develop into less branched or undivided columns. Fig. 1 . This is considerably smaller than 260 nm, the average column-to-column separation which is controlled by the diameter of the nanospheres, yielding a 65-nm-wide open space between neighboring columns. That is, the Ta columns are well separated, in agreement with the observation from the plan-view micrographs in Fig. 1 . The column width remains approximately constant as a function of height, showing that these columns have been grown with negligible intercolumnar competition and indicating that the characteristic lateral length scale for adatom motion and mass transport by surface diffusion is small with respect to the column width. The arrows in Fig. 2 show columns that exhibit branching into subcolumns. The branching is attributed to the limited adatom mobility which leads to kinetic roughening and inhibits smoothening of individual column surfaces. Once two or multiple surface mounds have developed on a column, atomic shadowing favors the growth of the mounds versus the valley that separates them, leading to deep cusps and ultimately voids that separate growing subcolumns. The column walls exhibit considerable roughness. In particular, some columns exhibit surface protrusions as the one highlighted with a circle in Fig. 2 . Such protrusions are attributed to subcolumns which develop due to column branching but for which the continued growth is suppressed in a competitive intersubcolumnar growth mode. Correspondingly, we expect that if the growth of the columns in Fig. 2 would have been continued, some of the smaller subcolumns highlighted by arrows would have died out and would have been overgrown by their larger neighbors. The column top surfaces exhibit sharp corners due to faceting, likely exposing ͕110͖ ␣-Ta or ͕001͖ ␤-Ta surfaces, which are the low-energy surfaces for the respective crystal structures and also exhibit the lowest activation energies for adatom migration. to the fractions of columns that exhibit 2, 3, and 4 subcolumns, respectively. The branching decreases with increasing temperature from f b = 30% at 200°C to f b =4% at 700°C. This is attributed to thermally activated adatom migration, as discussed in the following.
The nucleation of subcolumns is caused by surface mounds that capture, due to atomic shadowing, a larger fraction of the deposition flux than the surrounding nanocolumn surface. Branching occurs when two ͑or multiple͒ approximately equally sized subcolumns develop on the same nanocolumn, that is, within the 200-nm-diameter top surface. Consequently, we expect that the probability for branching is determined by the ratio of the nucleation length l for surface mound formation over the width of the nanocolumn w, and postulate an exponentially decaying probability tail, yielding the following expression for the branching fraction:
͑1͒
The nucleation length has been well studied for the case of two-imensional ͑2D͒-island nucleation on flat surfaces. 24, 25 It is controlled by the surface diffusivity D and the deposition flux F according to
͑3͒
Here E m is the activation energy for adatom migration and D o is a prefactor. Evidently, the present case of threedimensional ͑3D͒ mound nucleation on a curved and partially faceted Ta surface is more complex than what is described by the simple 2D nucleation model. Nevertheless, we expect the latter to provide the correct qualitative description, since, for example, the step width ͑and therefore also the overall lateral size͒ of a surface mound directly scales with the island nucleation length. 26, 27 In such a 3D case, E m is no longer a simple activation barrier for a diffusion step, but becomes an effective activation energy for surface diffusion, which is controlled by the rate limiting step͑s͒ for surface mass transport, that is, it is affected by EhrlichSchwöbel barriers, binding energies of small clusters, and adatom mobilities on various crystalline facets.
The solid line in Fig. 3 that connects the measured values for f b is obtained by fitting the data using Eqs. ͑1͒-͑3͒. The fit has been obtained using an estimated fixed value for D o =2ϫ 10 −3 cm 2 /s, 28-30 a deposition flux from the experiment F =4ϫ 10 14 cm −2 s −1 , and the nanocolumn width w = 200 nm, yielding values for the two free fitting parameters c = 0.31 and E m = 2.0 eV. That is, our experiments suggest an effective activation energy for Ta surface mass transport of 2.0 eV, which is within the wide range of the few reported values ranging from 1.5 to 2.7 eV. 31, 32 We expect the fractions for branching into three and four columns to follow a probability argument. That is, if the probability for a single branching into two subcolumns is f b , then the probability for a double branching into three subcolumns is f b 2 . Correspondingly, the dashed lines in Fig. 3 are plotted from the fit to f b ͑solid line͒ using the following expressions:
The lines are in good agreement with the measured data, indicating that the branching follows well the probability argument described using Eqs. ͑4͒-͑6͒. In summary, branched Ta nanocolumns were grown by glancing angle deposition on silica nanosphere patterns. The branching is attributed to limited Ta adatom surface diffusion and atomic shadowing. The probability of branching decreases with increasing growth temperature due to the increasing lateral diffusion length. The fractions for two-, three-, and fourfold branching follow a probability argument. A fit of the measured data with a simple nucleation model yields an effective activation energy of 2.0 eV for Ta adatom migration on nanocolumns.
